The crystal structure of endo-1,4-b-xylanase I from Aspergillus niger has BIOSON Research Institute been solved by molecular replacement and was refined to 2.4 Å resolution.
Introduction
Xylan is one of the major constituents of plant cell walls. As the most abundant hemicellulose, it accounts for more than 30% of the dry weight of terrestrial plants. Xylan thus belongs to the main food source of farm animals and also represents a major component of the raw material for many industrial processes ranging from baking to paper production.
Xylans are polysaccharides composed of b-1,4-linked xylopyranose units. They can exist as long, unbranched chains, as is the case in esparto grass (Chanda et al., 1950) , but are most commonly found to be highly branched and in tight association with other biopolymers (Joseleau et al., 1992) . Substitutions often occur at the C-2 or C-3 atoms of the xylose residues by various mono-or oligosaccharides or by lignin.
Several enzymes are involved in the hydrolysis of xylan polymers, of which the most important are the endo-1,4-b-xylanases (EC 3.2.1.8; Visser et al., 1992) . These enzymes degrade xylan to shortchain xylo-oligosaccharides of varying lengths. For complete hydrolysis to xylose monomers, xylanases cooperate with b-xylosidases (EC 3.2.1.37).
Xylanases can be grouped into two families, F and G, based on hydrophobic cluster analysis and sequence homology (Gilkes et al., 1991) . Of these, the family F xylanases are somewhat larger and have a molecular mass of approximately 35 kDa, while family G xylanases have a molecular mass of only about 20 kDa. Families F and G correspond to families 10 and 11 in the numerical classification of glycosyl hydrolases (Henrissat, 1991; Henrissat & Bairoch, 1993) .
Refined crystal structures of both xylanase families have recently been published. They include the structures of family G xylanases from Bacillus circulans (Wakarchuk et al., 1994) and Trichoderma reesei (Tö rrö nen et al., 1994; Tö rrö nen & Rouvinen, 1995) as well as family F xylanases from Streptomyces lividans (Derewenda et al., 1994) , Cellulomonas fimi (White et al., 1994) , Pseudomonas fluorescens (Harris et al., 1994 (Harris et al., , 1996 and Clostridium thermocellum (Dominguez et al., 1995) . Already, a few years earlier, the structures of xylanases from Bacillus pumilus (Katsube et al., 1990) and Trichoderma harzianum (Campbell et al., 1993) had been announced at meetings, but so far, they have not been discussed in detail.
Here, we report the crystal structure of endo- Representative part of the sA-weighted (Read, 1986) (2 Fo − Fc) OMIT map (Bhat, 1988) , centered at Ile82 and contoured at 1s. xylanase I from Aspergillus niger. This enzyme is produced at an industrial scale by the GistBrocades Company in Delft, The Netherlands (van den Broeck et al., 1992) . It is used as a supplement in chicken food and plays an important role in effective feeding and in the reduction of the animal excrement. A crucial property of the A. niger xylanase is its very low pH optimum (3.0), which is essential for releasing important nutrients in such acidic environments as the chicken stomach. A pH optimum as low as 3 is unusual for family G xylanases, which in general are most active at a pH of about 5.
A major goal of our research is to improve the properties of the A. niger xylanase by protein engineering. For this, we need to establish the catalytic mechanism under low pH conditions, which is only possible with knowledge of the three-dimensional structure of the enzyme. Although several structures of family G xylanases had already been published, they did not seem to be suitable as a basis for the protein engineering studies envisaged, due to the relatively low sequence identity of ca. 45%. Even xylanase I from T. reesei (Tö rrö nen et al., 1995) , which has a similar low pH optimum as the A. niger xylanase I, is only 53% identical.
Results and Discussion

Crystallography
The three-dimensional structure of endoxylanase I from A. niger was solved by molecular replacement using the coordinates of a xylanase from T. harzianum (Campbell et al., 1993 ; Brookhaven Protein Data Bank code 1xnd) as a search model (Krengel et al., 1996) . The refined structure consists of 181 out of the 184 amino acid residues and 72 water molecules. For the two N-terminal residues and the last C-terminal residue, the density was too weak to define their positions with confidence. These two regions are very close to each other in space and stretch out towards the solvent. All the other regions of the protein are very well defined by electron density, as is exemplified in Figure 1 . The good agreement between the density and the structural model is also reflected in the average real-space correlation coefficient of 89.2% (Figure 2(a) ).
A comparison of the four copies of xylanase molecules in the asymmetric unit shows rms deviations of 0.19 Å on average (0.06 Å for C a atoms), which is slightly less than the coordinate error of 0.24 Å as determined from a Luzzati plot (not shown). Since these values are artificially low due to the application of NCS-restraints, the last round of refinement was repeated without applying restraints for comparison. In this case also, rms deviations were rather low, with an average value for all atoms of 0.39 Å (0.22 Å for C a atoms). It thus seems that the xylanase structure is hardly distorted by the crystal environment. This was expected, since the water content of the crystals is relatively high (52.1% as judged from the Matthews parameter of 2.57 Å 3 /D; Krengel et al., 1996) ) and crystal contacts are fairly limited.
The crystallographic R-factor is 17.9% for all 28,728 reflections from 6.0 to 2.4 Å resolution (Table 1) . When only reflections with structure factor amplitudes above 1s, 2s or 3s of the average values are considered, the corresponding R-factors are 17.4%, 16.6% and 15.9%, respectively. The overall geometry of the model is good, as can be judged from the rms deviations from ideal geometry of 0.011 Å and 2.30°for bond lengths and angles, respectively, as well as from the absence of outliers in the Ramachandran plot (not shown 
Molecular structure
The A. niger xylanase I has a very characteristic fold ( Figure 3 ) which is unique for family G xylanases. Its shape has been compared to the shape of a right hand (Tö rrö nen et al., 1994) , with the ''fingers'' being at the bottom, the ''palm'' at the right hand side and the ''thumb'' at the top of the molecule as represented in Figure 3 (a). The structure comprises a single domain and contains one a-helix and 13 b-strands, which are arranged in two mostly antiparallel b-sheets. The larger, eight-stranded b-sheet (sheet B) is highly twisted around a deep, long cleft which is large enough to accommodate at least four xylose residues. The only a-helix is embedded on the rear side of this sheet. It is stabilised mostly by hydrophobic interactions with the b-sheet, but also by several hydrogen bonds and electrostatic interactions between highly conserved amino acid residues.
A superposition of the C a atoms of the A. niger xylanase on the coordinates of other family G xylanases reveals rms deviations of 1.6 Å on average. This is somewhat higher than the rms difference of about 1.1 Å which is to be expected for a homologous protein with a sequence identity of ca. 45% (Chothia & Lesk, 1986) . The structural similarity is highest for xylanase I from T. reesei (Tö rrö nen & Rouvinen, 1995; rms deviation = 1.1 Å , 53% sequence identity), the only other family G xylanase with a low pH optimum of which the structure has been solved.
The few structural differences from other family G xylanases are concentrated in the coiled regions, although some differences are also present in the protein core, for example the missing N-terminal extension which limits the large b-sheet B to eight instead of nine strands ( Figure 4 ) and the absence of a 90°break in sheet B as observed in the B. circulans and B. pumilus enzymes (Campbell et al., 1993; Katsube et al., 1990) .
The coiled regions are in general very short, often just providing a short link between two b-strands. 
(a) (b) Figure 3 . Two representative views of the overall structure of endoxylanase I from A. niger (produced with Raster3D; Merritt & Murphy, 1994) . The two catalytic glutamate residues, Glu79 (top) and Glu170 (bottom), are indicated in (a).
In one instance, such a short connection involves the cis-conformation of the conserved Pro76. In other cases, the links are formed by reverse turns (two of type I, by amino acid residues 30 to 33 and 120 to 123, and two of type II, by residues 60 to 63 and 103 to 106). One of the b-bends is positioned at the tip of the ''thumb'' (amino acid residues 120 to 130), providing a classical example of a hairpin loop. In all other family G xylanases with known structure, this loop is significantly longer and includes parts of b-strands B7 and B8 of the A. niger xylanase. However, these differences in secondary structure do not influence the general shape of the ''thumb'', which points back towards the bottom of the cleft. It is stabilised in this position by hydrophobic interactions as well as by several hydrogen bonds. The side-chains involved in these interactions fill the space between the loop and the strands, which makes the molecule look like a boxer's mitten. The shortest distance between atoms of opposite sides of the cleft is 4.3 Å (Pro119 C b to Tyr10 O h ); on average the cleft is about 8 Å wide, 12 Å deep and 30 Å long.
Although most of the loop regions are rather limited in size, some longer coiled stretches can also be found in the xylanase structure. A dominant structural feature is the ''cord'' which connects the xylanase ''fingers'' with the base of the ''thumb'' (Figure 3(a) ). It comprises nine amino acid residues (residues 87 to 95) and is characterised by somewhat elevated B-values of about 29 Å 2 on average (for C a s). The lowest temperature factor in this region is found for Pro91 (B = 17.8 Å 2 ), which is situated adjacent to Cys92 in a one-turn 3 10 -loop. Cys92 forms a disulphide bridge to Cys111 in b-strand B8 and thus attaches the cord to the large b-sheet. The two half-cystine residues are conserved in only a few other family G xylanases.
Other regions with rather high temperature factors include the ''thumb'' and part of the ''fingers'', with values up to 40 Å 2 for main-chain atoms. In general, the B-factors follow an alternating pattern of low (ca. 10 Å 2 ) and high (20 to 40 Å 2 ) values (Figure 2(b) ), of which the latter correlate quite well with loop regions. If the molecular distribution is considered, the temperature factors are lowest at the bottom of the large cleft and increase steadily towards the outside of the molecule. The lowest B-values are found in the active site for amino acid residues 69 to 72 and 80 (van den Broeck et al., 1992) with A. niger xylanase II (van Ooyen et al., 1994) and all family G xylanases for which the coordinates are available from the Brookhaven Protein Data Bank, based on a superposition of molecular structures (using the program O; Jones et al., 1991) . The catalytic glutamate residues as well as the secondary structural elements of the A. niger xylanase I are indicated. Numbering of the b-strands was done according to previous publications on T. reesei xylanases I and II. Coordinates were obtained from Protein Data Bank entries 1xyn (T. reesei I; Tö rrö nen & Rouvinen, 1995), 1xyp (T. reesei II; Tö rrö nen et al., 1994), 1xnd (T. harzianum; Campbell et al., 1993) and 1xnb (B. circulans; Campbell et al., 1993). to 83 (the average B-values are 5.4 and 7.0 Å 2 , respectively, for the C a s).
Substrate binding site
The large cleft, which is created by the highly twisted b-sheet B, is ideally suited to serve as a substrate binding pocket. It is lined with several tyrosine residues and other aromatic amino acid residues which are perfectly positioned to stabilise at least four xylose residues by stacking and hydrogen-bonding interactions. The two conserved glutamate residues Glu79 and Glu170, which have been shown to be involved in catalysis in other members of the xylanase family G (Ko et al., 1992; Wakarchuk et al., 1994; Bray & Clarke, 1994; Miao et al., 1994) , reach into this cleft from opposite sides (Figure 3(a) ). Their carboxylic groups are at a minimum distance of 6.0 Å , a value typical for retaining glycosyl hydrolases. Glu79, which is thought to be the active nucleophile, is held in place by interactions to Gln129 (2.8 Å ) and Tyr70 (2.7 Å ), while Glu170, the projected acid-base catalyst, is at hydrogen-bonding distance from Tyr81 (2.7 Å ) and Asp37 (2.8 and 3.2 Å ; Figure 5 ).
Implications for catalysis
Xylanases of both families F and G have been shown to hydrolyse the b-1,4-glycosidic bond of xylan with retention of the anomeric configuration of the sugar (Gebler et al., 1992) . These results suggest that substrate hydrolysis proceeds via a double-displacement mechanism similar to that sional structures of the two enzymes are completely different. Also in CGTase, a hydrogen bond exists between the acid-base catalyst Glu257 and Asp328 (Klein et al., 1992; Lawson et al., 1994) . In this enzyme, Asp328 is thought to be important for elevating the pK a of Glu257 (Klein et al., 1992; Strokopytov et al., 1995) , thereby allowing the enzyme to be active at higher pH values (pH optimum ranges from 4.5 to 8.5, with the maximum being at pH 5.5 for starch-degrading activity; Nakamura et al., 1993) .
Following the argument for CGTase, one would expect that the pH optima for A. niger xylanase I as well as for T. reesei xylanase I and other Asp-containing xylanases should in fact be higher than for Asn-containing enzymes. The opposite however is true; xylanases with an aspartate instead of an asparagine residue at the respective position have a lower pH optimum (pH 3 to 3.5 rather than 4 to 6; Figure 6) .
A possible explanation for this conflicting observation could be that in xylanases the proton of the acid-base catalyst is not available for catalysis because it is needed for the interaction with the aspartate residue. In CGTases, the interaction between Glu257 and Asp328 is broken upon substrate binding, and the carboxylic oxygen atom which interacts with the glycosidic oxygen atom is the same as the one which is hydrogen bonded to the Asp328 side-chain in the unliganded enzyme (Strokopytov et al., , 1996 Knegtel et al., 1995) . For family G xylanases, no structure of a native enzyme-substrate complex is known. However, indirect evidence from a superposition of the unliganded B. circulans xylanase structure on the substrate complex of the catalytically incompetent mutant E172C (Wakarchuk et al., 1994) suggests a similar situation as in CGTase. Thus, also in acidic xylanases the same carboxylic oxygen atom proposed for hen egg-white lysozyme, thus most likely involving two carboxylic acid residues of which one serves as the acid-base catalyst and the other as the nucleophile which stabilises the reaction intermediate. In fact, two conserved glutamate residues could be identified as the catalytic residues (Ko et al., 1992; Wakarchuk et al., 1994; Bray & Clarke, 1994; Miao et al., 1994) . These residues correspond to Glu170 as the acid-base catalyst and to Glu79 as the nucleophile of A. niger xylanase I, respectively. Figure 5 shows a sketch of the interactions in the active site of the A. niger xylanase. Except for Asp37, all the residues depicted in this Figure are absolutely conserved in family G xylanases. Asp37, however, can be replaced by an asparagine residue, as is the case for all family G xylanases with a high pH optimum (ca. 4 to 6). This residue is therefore expected to influence critically the pH dependence of xylanase activity. The carboxylic oxygen atoms of Asp37 are found at hydrogen-bonding distance from the O e1 atom of the acid-base catalyst Glu170, as has also been observed for xylanase I from T. reesei (Tö rrö nen & Rouvinen, 1995) , the only other family G xylanase with a low pH optimum of which the structure has been solved.
Since Asp37 is highly solvent exposed, this residue is probably deprotonated at the pH of crystallisation (pH 8) and is thus expected to increase the pK a of Glu170. The structural arrangement resembles the active site geometry of cyclodextrin glycosyltransferase (CGTase). In fact, the three carboxylic groups of Glu79, Glu170 and Asp37 of A. niger xylanase I superimpose surprisingly well with the corresponding CGTase carboxylate groups (Asp229, Glu257 and Asp328, respectively, with an rms deviation of 1.2 Å for the carboxylate groups), although the three-dimen-which is involved in a hydrogen bond with the aspartate residue is likely to interact with the glycosidic oxygen atom of the substrate. It is not known whether in xylanases substrate binding leads to a conformational change as in CGTase. An explanation for the observed low pH optimum might be that no such conformational change occurs, and that the hydrogen bond between Glu170 and Asp37 stays intact. Only at low pH, protonation of the aspartate residue might then break this interaction, thereby making the proton available for catalysis and thus enabling xylan hydrolysis. For xylanases in which the aspartate residue is replaced by an asparagine, catalysis should then be possible at a much higher pH, since the asparagine side-chain can always serve not only as a hydrogen bond acceptor, but also as a hydrogen bond donor. Only at a pH high enough to deprotonate the acid-base catalyst would the upper pH limit be reached for these xylanases.
Regarding the pH profiles ( Figure 6 ), this would mean that only in Asn-containing xylanases is the activity of the enzyme limited at high pH by the ionisation state of the acid-base catalyst. In Asp-containing enzymes like A. niger xylanase I, the pK a of the acid-base catalyst cannot be estimated directly from the pH profiles, since for these enzymes the high pH limit would be determined by the ionisation state of the aspartate residue. The pK a of this residue as deduced from Figure 6 is slightly above 4. This value is close to the pK a of a free aspartate in solution, as one would expect considering that this residue is highly solvent exposed in the crystal structure.
The question however remains of why CGTase has a high pH optimum while Asp-containing xylanases are most active at low pH. There is no easy answer to this question, since the structures of the two enzymes are completely different. It should however be noted that the electrostatic potential in the active site of the two enzymes differs greatly, being much more negative for xylanases. Interestingly, some active-site mutants of CGTase from Thermoanaerobacterium thermosulfurigenes (and in particular an Asn-to-Asp substitution near the three catalytic carboxylate groups) are found to exhibit a similarly low pH optimum as Asp-containing xylanases (R. D. Wind et al., personal communication) .
Conclusion
In the light of the high pH structure of A. niger xylanase I, a mechanism of action for acidic and alkaline pI family G xylanases could be proposed. Of key importance is the role of Asp37, a residue which is substituted for asparagine in all xylanases with a high pH optimum. The function of this residue still needs to be further established with additional experiments like D37N site-directed mutagenesis studies.
Materials and Methods
Endoxylanase I from A. niger is produced at an industrial scale by the company Gist-Brocades in Delft (The Netherlands). The recombinant enzyme was purified by gel filtration chromatography and crystallised by vapour methods using various sodium salts as precipitants (Krengel et al., 1996) . Several crystal forms were obtained, of which the orthorhombic crystal form was further investigated structurally. These crystals belong to space group P212121 and have cell constants of a = 84.3 Å , b = 85.3 Å and c = 113.8 Å . They contain four molecules per asymmetric unit.
X-ray data extending to 2.35 Å resolution were recorded on a small MAR image plate at beamline X31 of the EMBL outstation at DESY, Hamburg (l = 0.99 Å , T 1 20°C). For data reduction, we used the program package XDS (Kabsch, 1988a (Kabsch, ,b, 1993 . In total, 33,131 unique reflections were recorded, corresponding to an overall completeness of 95.3% (94.8% and 51.0% for data in the resolution shells from 2.6 to 2.4 Å and from 2.4 to 2.35 Å , respectively). The symmetry R-factor for the intensities is 8.2% and the average redundancy of the data is 4.6 (Krengel et al., 1996) .
The structure of the A. niger xylanase was solved by molecular replacement using the coordinates of a xylanase from T. harzianum (Campbell et al., 1993;  Brookhaven Protein Data Bank code 1xnd) as a search model (Krengel et al., 1996) . This protein has 45% sequence identity with the A. niger enzyme. Rotation and translation searches were carried out applying several programs of the BIOMOL package (Protein Crystallography Group, University of Groningen) as well as the program BRUTE (Fujinaga & Read, 1987) .
The crystal structure has been refined with the program X-PLOR, version 3.1 (Brü nger et al., 1987; Brü nger, 1993) , using the parameters of Engh & Huber (1991) . The standard protocol was followed, except for the dielectric constant e which was set to 4 to prevent elecrostatic interactions from dominating the refinement. As a starting model, the T. harzianum xylanase structure was used, of which all non-conserved residues other than glycine residues were changed to alanine residues and of which the B-factors were set to 20 Å 2 . The model was placed into the orthorhombic unit cell and subjected to rigid-body refinement. After 50 cycles of rigid-body refinement, the R-factor had dropped from 54.2% (Rfree = 52.1%) to 48.2% (Rfree = 46.2%). At the end of the first round of refinement, which also involved strongly NCS-restrained simulated annealing and ten steps of individual isotropic B-factor refinement, the R-factor had further decreased to 34.3% (Rfree = 36.9%). The quality of the model was assessed by inspection of a sA-weighted (Read, 1986 ) (2 Fo − Fc) OMIT map (Bhat, 1988) . In total, six cycles of refinement and subsequent manual rebuilding were done, of which the first three included simulated annealing. The rms deviations from ideal geometry and the free R-factor (calculated from 10% of the data which were randomly omitted from the refinement) served as quality control parameters and were used to adapt the crystallographic weight to a reasonable value. In the course of the refinement, NCS-restraints were slightly released and restricted to areas without crystal contacts. Starting from the fourth refinement cycle, water molecules were assigned to peaks of density based on the following criteria: peak heights had to be at least 2s in a sA-weighted (Fo − Fc) map, inspection of a sA-weighted (2 Fo − Fc) OMIT map had to reveal consistent peaks at the 1s level, and the peak centroids ought to be within hydrogen-bonding distance (2.5 to 3.5 Å ) to polar atoms of either the protein or another solvent molecule. After a subsequent refinement cycle, water molecules with B-factors higher than 80 Å 2 were removed. The last round of refinement resulted in an R-factor of 17.7% and a free R-factor of 21.9%. This last refinement cycle was repeated for all the reflections from 6.0 to 2.4 Å including the test set, resulting in a final R-factor of 17.9%. The coordinates of the A. niger xylanase structure have been deposited with the Brookhaven Protein Data Bank and are accessible with the code 1ukr.
